Hydropathy profile alignment is introduced as a tool in functional genomics. The architecture of membrane proteins is reflected in the hydropathy profile of the amino acid sequence. Both secondary and tertiary structural elements determine the profile which provides enough sensitivity to detect evolutionary links between membrane proteins that are based on structural rather than sequence similarities. Since structure is better conserved than amino acid sequence, the hydropathy profile can detect more distant evolutionary relationships than can be detected by the primary structure. The technique is demonstrated by two approaches in the analysis of a subset of membrane proteins coded on the Escherichia coli and Bacillus subtilis genomes. The subset includes secondary transporters of the 12 helix type. In the first approach, the hydropathy profiles of proteins for which no function is known are aligned with the profiles of all other proteins in the subset to search for structural paralogues with known function. In the second approach, family hydropathy profiles of 8 defined families of secondary transporters that fall into 4 different structural classes (SC-ST1^4) are used to screen the membrane protein set for members of the structural classes. The analysis reveals that over 100 membrane proteins on each genome fall in only two structural classes. The largest structural class, SC-ST1, correlates largely with the Major Facilitator Superfamily defined before, but the number of families within the class has increased up to 57. The second large structural class, SC-ST2 contains secondary transporters for amino acids and amines and consists of 12 families. z
Introduction
The genomes that have been sequenced completely today represent a massive amount of data and it may be expected that with the ongoing genome sequencing projects, this amount will grow rapidly. Analysis of the data will be a major task in the near future. The greater part of the ORFs on the genomes available today code for proteins of unknown functions. It is impossible to look for these functions by experimental techniques without having a clue, and, therefore, the ¢rst step in functional genomics is the search for homologues in the available databases. Alignments of the amino acid sequences that result in signi¢cant identity reveal a common evolutionary origin, and, possibly, a similar function.
In the course of evolution, the structure of proteins is better conserved than the amino acid sequence of the polypeptide chain. Apparently, 3D-structure is quite tolerant to changes in primary structure. Consequently, when two proteins have diverged in evolution, the evolutionary relationship will be longer detectable from a comparison of the three dimensional fold of the proteins than from the two amino acid sequences. Obviously, in the practical sense this is not very useful because it is not easy to obtain the structures of the proteins. The solution would be to predict the structure of proteins by computational techniques based on the amino acid sequences, but this is not yet possible. In this context, a special class of proteins is formed by integral membrane proteins. Because of their simple architecture, the hydropathy pro¢le of the amino acid sequence [1] provides a ¢ngerprint of their structure. Similar to structure, the hydropathy pro¢le of a membrane protein is better conserved than the amino acid sequence from which it is calculated and the hydropathy pro¢les have been used to demonstrate the evolutionary relationship between di¡erent families of membrane proteins [2] .
It is expected that hydropathy pro¢le alignment techniques will identify more distant evolutionary relationships between membrane proteins than amino acid sequence alignments. They may provide an additional tool for the identi¢cation of the function of the proteins coded by the many ORFs on a genome. In this paper, the relation between the structure of membrane proteins and the hydropathy pro¢les of the amino acid sequence will be reviewed, the techniques to ¢nd the optimal alignment will be discussed brie£y and the prospects of using this tool in functional genomics projects will be given.
Membrane protein structure

A bundle of K-helices
Even though the three-dimensional structure of only a handful of membrane proteins has been determined, it is believed that membrane proteins of the plasma membrane of bacterial and eukaryotic cells, as well as of organelles, share a similar architecture that is characterized by a single secondary structure element: the K-helix. The proteins consist of a bundle of K-helices that is oriented perpendicular to the plane of the membrane. The number of helices may di¡er from 2 up to as many as 17. They are connected by loops that vary considerably in length from a few residues to loops long enough to fold in domain-like structures in the periphery of the membrane. The loops contact the water phase or may provide attachment sites for extra-membrane subunits of multi-component assemblies. Similarly, in the membrane, the transmembrane helices contact the lipid phase or interact with other integral membrane subunits. Therefore, in spite of their similar architecture, membrane proteins form many di¡erent structures designed to perform as many di¡erent functions.
Conservation of membrane protein structure
The structures of three pairs of membrane proteins are available to show the conservation of the 3D-structure within a family of homologous proteins. The photosynthetic reaction centers of the purple bacteria Rhodopseudomonas viridus and Rhodobacter sphaeroides were the ¢rst membrane proteins to be crystallized and the structures were determined at atomic resolution [3^5] . The reaction center that functions as a light driven electron pump is a complex assembly of multiple proteinaceous subunits and a multitude of pigment molecules. The core of the membrane embedded part is formed by the homologous subunits L and M that fold similarly as ¢ve helix bundles. Two helices of each subunit interact intimately to form a four helix bundle motif resulting in a pseudo 2-fold rotational symmetry axis perpendicular to the plane of the membrane. Between the helices the pigment molecules are bound. The L and M subunits of the reaction centers of R. viridus and R. sphaeroides are genetically homologous proteins (Table 1) and their three dimensional structures are almost superimposable even though their amino acid sequence identity may be as low as 27%.
Cytochrome c oxidases catalyze electron transfer from reduced cytochrome c to oxygen while conserving the free energy by pumping protons across the membrane. The enzyme complexes are widely distributed throughout nature and are found in bacteria, archaea and lower and higher eukarya suggesting large evolutionary distances. The latter is apparent from the much more complicated subunit structure of the eukaryotic complexes when compared to the bacterial ones. The cytochrome c oxidases of the bacterium Paracoccus denitri¢cans and bovine heart mitochondria have been crystallized and the structures have been determined at a resolution of 2.8 A î [6, 7] . The part of the structures formed by subunits I, II and III that is essential to catalysis and shared by both enzymes, shows a similar folding. The central catalytic subunit I folds as a 12 helix bundle with a Fig. 1 . The amino acid sequence, 3D-structure and hydropathy pro¢le on an evolutionary scale. The hydropathy pro¢le of a membrane protein is intermediate between the amino acid sequence and the three dimensional structure of the protein; the pro¢le is calculated from the primary structure and is a ¢nger-print of the 3D-structure. On an evolutionary time scale hydropathy pro¢les evolve at a similar rate as 3D structures which is slower than the divergence of primary structures. Consequently, the hydropathy pro¢le contains early evolutionary links that may be lost in the amino acid sequence. Table 1  Divergence of amino acid sequences and conservation of structure   pufLrhs  pufLrv  pufMrhs  pufMrv   pufLrhs^59  30  28  pufLrv^33 27 pufMrhs^49 pufMrvÎ ndicated are the pairwise amino acid sequence identities of the pufL and pufM subunits of Rhodobacter sphaeroides (rhs) and Rhodopseudomonas viridis (rv) reaction centers. The two subunits form the core of the protein complexes. The crystal structures of the complexes reveal an almost identical three dimensional folding of the L and M subunits in 5 transmembrane K-helices. Sequences were aligned using Clustal W [11] with the standard setting of the parameters. Sequence identity is de¢ned as the number of identical residues in the alignment divided by the length of the shortest sequence. pseudo 3-fold rotational symmetry axis perpendicular to the plane of the membrane and incorporates the two haem groups and the copper B center. The sequence identity between the Paracoccus and mitochondrial subunits I is 53%. Subunits III that fold as a 7 helix bundle share 50% sequence identity.
In the light driven proton pump bacteriorhodopsin of Halobacterium salinarium the retinal cofactor is positioned halfway the membrane in a bundle of seven transmembrane helices [8] . Bacterio-opsin, the precursor of bacteriorhodopsin, shares 30% sequence identity with halo-opsin, the precursor of halorhodopsin, a light driven chloride pump. The structure of both retinal proteins has been determined from the analysis of two dimensional crystals formed in the plane of the membrane which has resulted in less well resolved structures with 3.5 and 7 A î resolution for bacteriorhodopsin and halorhodopsin, respectively. At this level of resolution the fold of the two proteins is similar [8, 9] .
These three examples do not only show the conservation of structures within homologous families of membrane proteins but also the insensitivity of the folding of the polypeptide chain to changes in the amino acid side chains. This stresses that during evolution amino acid sequences diverge much faster than the structures for which they code (Fig. 1). 
A ¢ngerprint of membrane protein structure
The repeated helix-loop-helix motif in the structure of membrane proteins is re£ected in the hydropathy pro¢le of the amino acid sequence. The transmembrane K-helices or transmembrane segments (TMS) span the hydrophobic core of the phospholipid bilayer and, for energetic reasons, have an overall high hydrophobicity themselves. The connecting loops, that are in contact with the water phase or the hydrophilic surface of other subunits are likely to be Fig. 2 . The hydropathy pro¢le is a ¢ngerprint of membrane protein structure. Shown is the hydropathy pro¢le of LmrA, a multi drug transporter of Lactococcus lactis and bacterial homologue of P-glycoprotein [35] . The protein belongs to the ATP driven ABC transporters and has a typical two domain structure. The N-terminal half of the protein up to about residue 325 is an integral membrane domain that is responsible for the transport activity of the protein. The C-terminal half of the protein, the ABC domain, is protruding into the cytoplasm and has the characteristics of a soluble protein. The ABC domain is the energy coupling domain that allows the transport of the substrates against their concentration gradient at the expense of ATP hydrolysis. The typical structure of the membrane bound domain is re£ected in the hydropathy pro¢le of the N-terminal part, that is characterized by a number of hydrophobic peaks. The pro¢le of the ABC domain shows that a soluble protein has a much less`structured' hydropathy pro¢le. The pro¢le of the membrane bound domain reveals three pairs of transmembrane K-helices (residues 30^100, 150^200 and 250^320) separated by two relatively hydrophilic regions. The resulting structure would be a 6 helix bundle with connecting loops that are longer at the cytoplasmic side of the membrane than at the extracellular side of the membrane. The hydropathy pro¢le was computed using the hydrophobicity scale of Eisenberg [36] and a window of 19 residues. more hydrophilic. This results in stretches of alternating hydrophobic and hydrophilic residues in the amino acid sequence of the proteins which is re£ected in the typical peaks in the hydropathy pro¢le of a membrane protein (Fig. 2) . The hydrophobic core of the phospholipid bilayer has a thickness of 30 A î and it takes about 20 hydrophobic residues to span this distance in an K-helical conformation. The length of the loops is not restricted and there length is much more variable. The length of the loops largely determines how well the number of TMSs in the structure of the protein is resolved in the hydropathy pro¢le. With su¤ciently large loops, the number of K-helices is immediately evident from the hydropathy pro¢le, i.e. a simple analysis of the amino acid sequence results in a secondary folding model of the polypeptide chain in the membrane, an analysis that is much more cumbersome in the case of globular proteins. Furthermore, there is a statistical bias towards positively charged residues in cytoplasmic loops (`positive inside' rule) which allows the determination of the orientation of the protein in the membrane [10] .
As the hydropathy pro¢le of membrane proteins is a re£ection of the structure of the protein, it may be expected that the hydropathy pro¢le will be better conserved than the amino acid sequence from which it is calculated. This is evident from multiple sequence alignments of homologous membrane proteins [11] that can be used to compute an averaged hydropathy pro¢le for the family. The pattern of hydrophobic peaks is more or less the same in all members and coincides with the average pro¢le even though pairwise sequence alignments between the members are as low as 20% (for an example see Fig. 3 ) [2] . The family pro¢le provides a better ¢ngerprint of the structure of the members of the family since it averages out the noise in the individual pro¢les. We have used the family pro¢les to show the evolutionary relationship between secondary transporter families of which the members could not be demonstrated to be homologous by Fig. 3 . Hydropathy pro¢le of a family of homologous membrane proteins. The averaged hydropathy pro¢le of a family of 12 citrate, Kketoglutarate and proline transporters (CitKgl) and the individual pro¢les of the members are indicated in bold and as thin lines, respectively. Regions of high and low hydrophobicity coincide in all the individual pro¢les, which results in a family pro¢le that shows the same pattern as each of the members. The family pro¢le averages out the noise in the individual pro¢les and is the best ¢ngerprint of the folding of the polypeptide chain that is common to all members. The distribution of the individual pro¢les around the family pro¢les provides a measure for the divergence within a homologous family which is expressed in a parameter termed the structure divergence score (SDS). The SDS is de¢ned as the average distance between the family and individual pro¢les at each position and equals 0.117 hydrophobicity units for this family. The family members were given in [2] and aligned using the Clustal W program [11] . Pairwise sequence identities in the aligned set ranged between 22 and 68% with a median of 28%. Vertical bars indicate positions in the alignment where gaps occur in any of the sequences. Typically, these gaps occur in the hydrophilic regions, representing the loops in the protein structure.
amino acid sequence identities [2] . Optimal alignment of the family pro¢les showed that, in fact, they were very similar. Fig. 4 gives another example of structural similarity of two families of membrane proteins to demonstrate that hydropathy pro¢le alignments can detect more distant evolutionary relationships than amino acid sequence alignments ( Fig. 1 ).
Structural resolution of hydropathy pro¢les
The hydropathy pro¢le of the amino acid sequence easily discriminates between membrane proteins and globular proteins and, in many cases, the hydropathy pro¢le of membrane proteins discriminates between proteins containing di¡erent numbers of transmembrane helices. The structure of a membrane protein is largely determined by the way the transmembrane helices are folded relatively to one another. In contrast to the secondary structure information, the tertiary structure cannot be deduced from the hydropathy pro¢les, but it seems that the tertiary folding, at least in part, does de¢ne the pro¢le. The family hydropathy pro¢le re£ects both the secondary and tertiary structure elements that form the skeleton that is common to the members of the family. This means that di¡erent family structures with the same number of transmembrane segments can be distinguished on the basis of their hydropathy pro¢le. Discrimination between two family hydropathy pro¢les is based on the diversion observed in the individual hydropathy pro¢les of the members of a homologous family that re£ect the same structure [2] . Two families are said to share the same global structure when the di¡erence between their family hydropathy pro¢les is about the same as the average di¡erence between the individual hydropathy pro¢les within the two families (see below). Using this criterion, 8 dif- Fig. 4 . Structural similarity of the SecY and Sec61K protein families. The SecY and Sec61K integral membrane proteins are the largest subunit of the bacterial, archaeal and eukaryotic preprotein export machinery. They are believed to be 10 helix bundles that together with two smaller subunits form the core of a hydrophilic pore through the membrane (the translocon) through which the nascent polypeptide chains are transported across the membrane (reviewed in [37, 38] ). The SecY family contains 18 proteins from bacterial origin, while the Sec61K family contains proteins from eukaryotes and archaea. Members of the two families are only distantly related based on amino acid sequence. For instance, the ¢rst member of the Sec61K family picked up by a BLAST search using the E. coli SecY as the query is the preprotein translocase of Methanococcus jannaschii. The two proteins share 30% sequence identity in a total of 204 residues fragmented over 7 stretches (P = 1.9e37). The optimal alignment of the family hydropathy pro¢les of the SecY family (red) and the Sec61K family (blue) reveals a very similar pattern strongly suggesting a similar folding. The gaps indicated at the top and bottom are mostly in the hydrophilic loop regions. The SecY family is characterized by an SDS of 0.138 [2] . The Sec61K family contained 7 members from Haloarcula marismortui (accession no. P28542), Methanococcus vaviellii (P28541), Pyrenomonas salina (P38379), Rattus norvegicus (P38378), Sulfolobus acidocaldarius (P32915), Saccharomyces cerevisiae (P38353). The pair wise sequence identity of the aligned sequences ranged between 22 and 62% and the SDS was 0.105. ferent families of secondary transporters, membrane proteins that typically consist of 12 transmembrane segments, could be classi¢ed in 4 di¡erent structural classes (Structural Class-Secondary Transporters 1^4, SC-ST1^4). SC-ST1 contained 4 families: the monosaccharide symporters and uniporters (Sugar in Fig. 5 ), di-and tricarboxylate symporters (CitKgl), drug antiporters (Tetracyc) and disaccharide symporters (GPH). In its original de¢nition, these families were all in the Major Facilitator Superfamily [12, 13] . The second class, SC-ST2, contained 2 families: an abundant family of amino acid symporters (AmAc) and the Na -dependent neurotransmitter symporters (SNF). SC-ST3 and SC-ST4 each contained a single family, the glutamate symporters (Glus) and the gluconate symporters (Gluconat) [2] . In this contribution, these families will be used to make a structural classi¢cation of the secondary transporters coded on the E. coli and B. subtilis genomes. A schematic representation of the structural classes and homologous families with a few representative transporter proteins of the two bacteria is presented in Fig. 5 .
Computational techniques
Optimal alignment of hydropathy pro¢les
The power of comparing hydropathy pro¢les of membrane proteins is that evolutionary relationships can be detected that are more distant than can be detected by comparing amino acid sequences. To make the comparison between hydropathy pro¢les of amino acid sequences that are not homologous, pro¢les can be aligned directly [2] . The procedure to do this is based on similar procedures aiming at the alignment of amino acid sequences [16, 17] . A hydropathy pro¢le is a one dimensional array of numbers, each representing the average hydrophobicity of the residues in the window that is sliding over the amino acid sequence or, in case of a family pro¢le, over the multiple sequence alignment. To ¢nd the optimal alignment of pro¢le a consisting of N windows, a I ,a P ,a Q ,a R ,...........a n3I ,a n , and pro¢le b consisting of M windows,
is converted into pro¢le b. In the conversion, three types of operations are allowed: replacements, insertions and deletions. Each of these operations is associated with a cost. The cost for the replacement of hydrophobicity a i by b j equals the absolute di¡erence in hydrophobicity c iYj = Ma i 3b j M. The cost for the insertions and deletions that result in the gaps in the ¢nal alignment discriminates between creating new gaps and extending existing gaps, c gp = g+k*h in which g is the open gap cost, h the cost for extending a gap and k the number of gaps. The costs for each of these operations accumulates in a cost of conversion for every possible conversion. The optimal alignment is the conversion with the lowest total cost. Computational techniques to ¢nd the conversion with the lowest cost make use of recursive algorithms and dynamic programming techniques [18, 19] . Though developed for the alignment of amino acid and nucleotide sequences these techniques are equally applicable for the alignment of hydropathy pro¢les. [2] . Though most families are widely spread throughout nature, the family of Na -dependent neurotransmitter transporters (Snf) contained no bacterial homologues.
The PDS and SDS parameters
The pro¢le di¡erence score (PDS) is a measure of the similarity of two hydropathy pro¢les. The PDS measures the di¡erence in hydrophobicity between the two aligned pro¢les averaged over all positions. The unit of the PDS is the hydrophobicity unit used to compute the pro¢les. A low PDS corresponds to similar pro¢les, but a low PDS is no guarantee for structural similarity. Especially when the number of transmembrane segments in the structure of the two proteins under investigation are di¡erent, false positives may occur. Then, the fewer hydrophobic regions (peaks) in one hydropathy pro¢le will distrib- The`hits' are the proteins of known function of which the hydropathy pro¢le gives the closest match (PDS) to the pro¢le of the proteins of unknown function (query) in the E. coli and B. subtilis databases. Only hits in the same database are reported. The databases analyzed contained a subset of the membrane proteins on the genomes of E. coli and B. subtilis [14, 15] . For the E. coli genome, the annotation used is from version M52. For the B. subtilis genome, the annotation of data release R14.2 was used. All gene products annotated as b numbers and y codes were assumed to have an unknown function.
ute over the peaks in the other pro¢le to give thè best ¢t'. Such alignments are meaningless in terms of structural similarity. A similar situation occurs in amino acid sequence alignments when a short sequence is aligned with a much longer sequence which may result in unrealistically high identity scores. Occasionally, a low PDS is obtained for the optimal pro¢le alignment of proteins with similar numbers of transmembrane segments when a peak in one pro¢le is not present at the same position in the other pro¢le and vice versa. Usually, false positives are easily recognized by visual inspection of the pro¢les. The structure divergence score (SDS) measures the divergence of the hydropathy pro¢les of the members of a family of membrane proteins. The SDS is de¢ned as the di¡erence of the family pro¢le and the individual pro¢les averaged over all positions and members. The PDS and SDS parameters (de¢ned mathematically in [2] ) played an important role in the de¢nition of the structural classes mentioned above (Fig. 5) . Structural similarity of two families of membrane protein was inferred from a comparison of the PDS of the optimally aligned family pro¢les and the SDSs of the two families [2] .
Genome analysis
Membrane proteins on the Escherichia coli and Bacillus subtilis genomes
Amino acid sequences coding for integral membrane proteins and globular proteins can be discriminated by the average hydrophobicity of the amino acid side chains. The distribution of the average hydrophobicity of all the translated open reading frames detected on the genome of the Gram-negative bacterium Escherichia coli and the Gram-positive bacterium Bacillus subtilis shows that most proteins have an average hydrophobicity between 0 and 0.1 (Fig. 6 ). These are all global proteins. A second maximum in the distribution representing much less proteins is observed between 0.3 and 0.4; these are integral membrane proteins. Hybrid proteins containing both integral membrane bound parts and hydrophilic parts cluster around average hydrophobicities between 0.1 and 0.3. The distribution pro¢les for the two bacteria are very similar.
The present study focuses on secondary transporters of the 10^14 helix type which have a length of about 450 residues. Therefore, a subset was selected from each genome that contains all amino acid sequences with an average hydrophobicity between 0.2 and 0.5 and with a length between 350 and 550 residues. This resulted in 257 and 215 sequences for E. coli and B. subtilis, respectively, which amounts to 5^6% of all the sequences on the genomes. In the following sections these two subsets will be used to show how the hydropathy pro¢le alignment technique can be used in the analysis of the data generated in genome sequencing projects.
Search for structural homologues
A ¢rst application of the hydropathy pro¢le Fig. 6 . Average hydrophobicity distribution of the coded sequences on the E. coli and B. subtilis genomes. The average hydrophobicity of the amino acid side chains of proteins discriminates between soluble proteins and membrane proteins. The hydrophobicity scale used was from Eisenberg [36] . The list of translated ORFs (version M52) of the E. coli genome [14] was downloaded from the Web site of the E. coli Genome Project at the University of Wisconsin-Madison. The list of translated ORFs (release R14.2) of the B. subtilis genome [15] was downloaded from the Subtilist Web site. subtilis databases of membrane proteins de¢ned above contain 91 and 99 sequences, respectively, that do not have paralogues of known functions within the two databases when a cut-o¡ of 20% sequence identity was used as the detection limit. The hydropathy pro¢les of these sequences were aligned with all the entries in the databases to search for structural paralogues with a known function. Alignments resulting in a maximum PDS cut-o¡ of 0.15 were selected and the alignments with hydropathy pro¢les of sequences with known function were visually inspected for false positives. In line with the expectations, hydropathy pro¢le alignment picked up many more paralogues than amino acid sequence alignment. In the E. coli data set, 17 of the sequences without paralogues of known function could be shown to be structurally related to sequences with known function. In the B. subtilis data set this number was 18 ( Table 2 ). The evolutionary relationship between some of the pairs given in Table 2 was con¢rmed by a BLAST search [20] of the available databases which identi¢es sequence similarities in fragments of two sequences. For example, b1801 and caiT of E. coli share 26% sequence identity in a stretch of 295 residues (P = 1.5e377). Other unknown sequences produced only high-scoring segment pairs with P values over 1.0e35. For example, yjiJ of E. coli, a structural homologue of the nitrite extrusion protein narU, has the highest similarity with an unknown transporter of Arthrobacter sp. with a 28% sequence identity in a 35 residues long stretch (P = 0.00042). Remarkably, yjiJ has an even lower similarity (P = 0.023) to the nitrite extrusion protein NarK of Helicobacter pylori. It should be stressed that hydropathy pro¢le alignment identi¢es the structural class to which a protein belongs. The substrate speci¢city of the protein with the lowest PDS found in the search can only be an indication of the function of the query protein.
To con¢ne the Family nomenclature was adopted from [34] . The Sugar, CitKgl, Tetracyc, AmAc, Snf, Gluconat and Glus families referred to in the text are subsets of the SP, MHS, DHA, APC, NSS, GntP and DCS family, respectively. Listed gene products do not share homology with any of the other gene products on the two genomes analyzed.
substrate speci¢city of the query, it is necessary to classify all the transporters with di¡erent substrate speci¢city into structural classes.
Structural classi¢cation of the membrane proteins
The second application of the hydropathy pro¢le analysis aims at classifying membrane proteins on the genomes in structural classes. The search for structural homologues described above identi¢ed many proteins that are members of the Sugar, CitKgl, GPH and Tetracyc families that all belong to the same structural class, SC-ST1 (Table 2 , last column). This suggested that proteins belonging to SC-ST1 are abundantly present on the E. coli and B. subtilis genomes. SC-ST1 is one out of four structural classes of secondary transporters that were identi¢ed comparing the family hydropathy pro¢le of 8 di¡erent families (Fig. 5) [2] . We have used these family pro¢les as templates to screen the E. coli and B. subtilis subsets of membrane proteins for members of the structural classes by the following step wise procedure.
Step 1. The family pro¢les were aligned with the hydropathy pro¢les of all the proteins in the databases. Alignments that resulted in a PDS smaller than 0.18 were selected.
Step 2. All selected alignments were inspected visually for false positives. These were removed from the lists.
Step 3. The lists of the Sugar, GPH, Tetracyc and CitKgl that are in the same structural class were pooled in one list. The same was done for the AmAc and Snf lists that are in structural class SC-ST2. The lists of the 4 classes thus obtained were further optimized by the following steps which affected no more than about 25% of the entries.
Step 4. A few entries present in more than one structural class were re-evaluated and assigned to either one of the classes or rejected all together.
Step 5. The proteins in the lists were screened for paralogues in the original databases using a cut-o¡ of 25% overall sequence identity. In case a homologue was found that was not present in the same class-list, the hydropathy pro¢les of query and hit were re-evaluated resulting in removing the query from the list or adding the hit to the list. The rationale behind this step is that homologous proteins should be in the same structural class.
The results for the E. coli and B. subtilis subset of membrane proteins are presented in Table 3 . The E. coli genome and the B. subtilis genome code for no less than 116 and 101 proteins, respectively, that cluster in only two structural classes. SC-ST1 contains roughly 150 membrane proteins on the two genomes that are distributed over 57 homologous families. Thirty-one of these families consist of a single gene product that does not have a paralogue or orthologue on the two genomes considered here. The SC-ST1 class is de¢ned by the family pro¢les of the Sugar, CitKgl, GPH and Tetracyc families and members of these families are abundantly coded on the genomes. The Tetracyc family is the largest family, especially in B. subtilis where it contains 20 members. If the unknown sequences represent drug resistance proteins as well, this would emphasize the importance of defense mechanisms for the cell. The original Tetracyc family contained members on the B. subtilis genome (Blt, Bmr), but not on the E. coli chromosome. The E. coli transporters in the Tetra-6 Fig. 7 . Hydropathy pro¢le alignments of secondary transporter family pro¢les and individual pro¢les of proteins on the E. coli genome. Top: Tetracyc family (red) and the ydhC protein (blue). Though the overall sequence identity between the E. coli and B. subtilis members of the Tetracyc family is low, the hydropathy pro¢les of the members from the two bacteria are very similar. The PDS of the alignment was 0.112. The highest sequence similarity of ydhC of E. coli with one of the B. subtilis proteins is 22% with the Mdr sequence. Middle : Gluconat family (red) and the arsB protein (blue). ArsB is a subunit of an ATP driven arsenate extrusion protein complex that functions as a secondary transporter in the absence of the other subunits. The alignment suggests that the hydrophobic region in arsB between position 240 and 320 in the alignment contains two transmembrane segments which is in agreement with the biochemical evidence [39] . The PDS of the alignment was 0.115. Bottom: The AmAc family (red) and the tdcC protein (blue). Members of the serine/threonine family in SC-ST2 seem to miss the most C-terminal transmembrane segment. The PDS of the alignment was 0.125. All pro¢les were computed with a window of 19 residues and the optimal alignments were computed using gap costs of 50 for opening a gap (g-parameter) and 30 for extending a gap (h-parameter).
cyc family have only marginal sequence identity to the B. subtilis transporters and their classi¢cation in the Tetracyc family is additionally based on the very similar hydropathy pro¢les (Fig. 7, top) . The Sugar and Gph families are represented on both genomes with a total of 12 and 9 members, respectively. The CitKgl family has 5 members on the E. coli genome and none on the B. subtilis genome. A number of new families in this structural class contain mostly proteins of unknown function, i.e. families 15, 16 and 17. Present on both genomes are members of the family of glycerol-P and hexose-P transporters and receptors (OPA; family 3) and of the family of nitrite extrusion proteins (NNP; family 7). A family of nucleoside and xanthosine transporters (NHS; family 8) is only represented in E. coli. Among the proteins that do not have homologues in these two organisms is the well studied lactose permease of E. coli, LacY (OHS; family 4) [21] .
The second structural class is smaller but still contains a considerable number of members on both genomes. SC-ST2 is represented by 37 members on the E. coli genome and 29 members on the B. subtilis genome. Twelve families can be discriminated, all of which are represented on both genomes considered here. SC-ST2 is de¢ned by the family pro¢les of the AmAc and Snf families. The latter contains only transporters from eukaryotic origin, but two homologues are found on the B. subtilis genome (NSS; family 8). In contrast, the AmAc family is the largest family with 34 members, distributed equally over the two organisms. The analysis presented here reveals a number of new families that belong to SC-ST2, most notably, transporters for serine and threonine (STP; family 2), aromatic amino acids (ArAAP; family 3), Na -dependent symporters (SSS; family 4), branched chain amino acids (LIVSS; family 5) and nucleobase symporters (NSC1; family 6). The amtB and NrgA (Amt; family 7), which are putative ammonium transporters are also in the ST2 structural class.
The two remaining structural classes are considerably smaller than the SC-ST1 and SC-ST2 classes. SC-ST3 mainly contains the members of the Gluconat family (GntP; family 1) with 6 and 2 members on the E. coli and B. subtilis genomes. New families in this class are formed by two dicarboxylate transporters on the E. coli genome (Dcu; family 2) and a family that contains arsB, an arsenical resistance protein with a dual energy coupling mode (Fig. 7,  middle) . Transport is either driven by ATP when arsB is a component of a multi-subunit complex or by the proton motive force in the absence of the other subunits [22] . Finally two proteins of B. subtilis with unknown function belong to this class. SC-ST4 is clearly the smallest structural class in these two organisms. Besides the members of the Glus family (DCS; family 1) that contains bacterial and eukaryotic glutamate transporters, only one other protein on the E. coli genome could be assigned to this structural class.
Discussion
Abundance of transport proteins
The hydropathy pro¢le analysis reported here shows that the E. coli and B. subtilis genomes each code for over 100 sequences that fall in only two structural classes of membrane proteins that, with a few exceptions, are secondary transporters. Two smaller structural classes contain an additional 10 secondary transporters. The classi¢cation procedure was rather stringent and it is likely that additional members of especially the SC-ST1 and SC-ST2 classes are in the remaining part of the subset of membrane proteins analyzed. Moreover, in the remaining part (127 and 109 sequences for E. coli and B. subtilis, respectively) are other known secondary transporters that belong to di¡erent structural classes. Clearly, secondary transporters are the most abundant functional type of proteins coded on the genomes of the two bacteria. The large number of secondary transporters and ABC transporters, that form the largest paralogous gene families on the two genomes [14, 15, 23] , emphasizes the importance of communication of the cell with the external world for survival.
Evolution of secondary transporters
Hydropathy pro¢le analysis discriminates between structural features of membrane proteins. The members of the SC-ST1, SC-ST2, SC-ST3 and SC-ST4 classes are likely to have a di¡erent tertiary organ-ization of the transmembrane K-helices. During evolution, secondary transporters may have evolved from a common primordial gene. If the structurally distinct members of the di¡erent classes would have the same ancestor, it is likely that they originate from early gene duplications after which the resulting proteins evolved to di¡erent structures. Alternatively, the di¡erent classes have emerged from convergent evolution. Possibly, further analysis of both the amino acid sequence and hydropathy pro¢les of the membrane proteins on the E. coli and B. subtilis genomes and, most particularly, the comparison with the transporters on the genomes of other organisms allow to discriminate between these two possibilities.
Each of the structural classes of the two bacterial species examined contain paralogues that have diverged so far during evolution that their relation is only evident from hydropathy pro¢les, i.e. from structural features. In contrast, between the two bacteria there are many orthologues that are much closer suggesting a tight selection pressure or a more recent common ancestor. Examples are the glycerol-3-P transporters GlpT in SC-ST1 that share 60% sequence identity, the arabinose transporters AraE (SC-ST1, 30%), the GABA transporters GabP (SC-ST2, 47%), the branched chain amino acid transporters BrnQ (SC-ST2, 37%), the gluconate transporters GntP/yjhF (SC-ST3, 59%) and the glutamate transporters GltP (SC-ST4, 44%). Though it is possible that transporters for speci¢c substrates are under a more tight selection pressure than transporters for other substrates resulting in independent evolution of these orthologues in the two species, the observation may also be indicative of intensive mixing of the genetic information between di¡erent organisms during evolution.
Two main structural classes
The SC-ST1 and SC-ST2 classes of membrane proteins are widely spread in nature. Originally, the SC-ST2 class contained a family of amino acid transporters (AmAc) and a family of Na -coupled neurotransmitter transporters (Snf) [2] . The present analysis shows that already on the genomes of two bacteria many more families can be assigned to SC-ST2. The transporters of SC-ST2 are antiporters or symporters, many of which are Na -coupled, with a rather well de¢ned substrate speci¢city. The substrates are mostly amino acids or amines. In contrast, SC-ST1 is much more diverse and even contains members that are not transporters. UhpC is a receptor speci¢c for glucose-6-P that is part of a twocomponent signal transduction pathway [24] . SC-ST1 contains uniporters, symporter and antiporters with very di¡erent substrate speci¢city. The largest groups of substrates of the members in SC-ST1 are carbohydrates that are taken up by the cell (symport) and toxic compounds that are extruded from the cell (antiport). Unfortunately, substrate speci¢city does not always de¢ne the structural class to which a transporter belongs. For example, proline transporters are found in both the SC-ST1 and SC-ST2 and citrate transporters are found in SC-ST1 and in two additional structural classes both being represented on the B. subtilis genome, the 2-hydroxycarboxylate transporters [25, 26] and the Mg P -dependent citrate transporters [27] .
Transporters belonging to either SC-ST1 or SC-ST2 do not necessarily contain the same number of transmembrane segments even though the majority most likely folds as a 12 helix bundle. Well-known is the example of the drug resistance proteins in SC-ST1 that are believed to contain 12 or 14 transmembrane segments (reviewed in [28] ). The sialic acid transporter of E. coli contains an additional domain that could fold as two extra transmembrane segments in addition to the 12 segments commonly observed [29] . An example of a transporter in SC-ST1 with less than 12 segments is the rhamnose transporter RhaT of E. coli that is believed to be a 10 helix bundle [30] . A similar situation is observed in SC-ST2. Again, most proteins are believed to be 12 helix bundles, but the members of the serine and threonine transporters family (STP; family 3) seem to miss the most C-terminally located transmembrane segment (Fig. 7, bottom) . Apparently, not all transmembrane segments are equally important for the transport function of the proteins.
Major Facilitator Superfamily
In the past, a number of homologous families of secondary transporters have been grouped in one superfamily based on sequence motifs present in members of the families. The Major Facilitator Superfamily (MFS) was originally de¢ned as a group of sugar, drugs and Krebs cycle intermediates transporter families [12, 13, 31] , but has since evolved into a superfamily containing 17 families [32] . The Sugar, CitKgl, Tetracyc and GPH transporter families used here to de¢ne SC-ST1 were all part of the families that de¢ned the original MFS. It turns out that SC-ST1 de¢ned by hydropathy pro¢le alignment largely corresponds to the MFS de¢ned in [32] , thereby giving this superfamily a similar structure as the common denominator. An important di¡erence between SC-ST1 and the MFS is the ommision of the GPH family [33] from the latter. Though originally suggested to be part of the superfamily because of the presence of characteristic sequence motifs in some of its members, apparently, the GPH family did not ful¢l the sequence similarity criteria used in [32] . Hydropathy pro¢le alignment clearly includes the GPH family in the SC-ST1 structural class [2] . The sequence motifs are found in the loops between transmembrane segments 2 and 3 and between 8 and 9. Exactly these loops are very well conserved in the hydropathy pro¢les of the members of the SC-ST1 families and, in fact, are used as a signature in the visual inspection of the pro¢le alignments. The example of the GPH family shows the high potency of the hydropathy pro¢le alignment technique compared to sequence analysis in showing the relation between distant families of membrane proteins, which is also evidenced by the many more families in SC-ST1 compared to the MFS detected on the genomes of only two bacteria.
Conclusions and future prospects
Hydropathy pro¢le alignment of membrane proteins is an additional useful technique in the analysis of the large amount of data produced in genome sequencing projects. The technique can detect more distant evolutionary relationships between membrane proteins than can be detected by amino acid sequence analysis and is especially useful when overall amino acid sequence similarities become statistically insigni¢cant. In those cases where sequence similarities are detected only in smaller segments of two sequences [20] , the hydropathy pro¢le alignment gives an estimate of the overall similarity of the pro¢les of two proteins in a graphical representation. Even when the relation between two membrane proteins is not at all evident from the amino acid sequences, the relation may still be evident from the alignment of the hydropathy pro¢les of the two sequences.
About half of the subset of membrane proteins selected in these studies could be assigned to one of the classes by screening the databases with the family pro¢le of known transporter families. The family pro¢les were constructed based on criteria de¢ned before that aimed at producing the best ¢n-gerprint of the global structure of a family [2] . As new sequences are released almost daily, the composition of the families should be updated continuously to improve the family pro¢les for screening the databases. Family pro¢les of additional membrane protein families have to be de¢ned to come to a complete classi¢cation of all the membrane proteins on the genomes.
A major goal of functional genomics is the identi¢cation of the function of unknown sequences. Classi¢cation of the unknown membrane proteins by hydropathy pro¢le alignment may identify the type of protein, for instance secondary transporter, and, to the least, provide a clue about the substrate speci¢c-ity of the protein. The latter assignment may be improved by a detailed analysis of the di¡erences between the family hydropathy pro¢les within one structural class. Characteristic features of family pro¢les may include the number of hydrophobic domains, speci¢c loops, the length of loops, the position of gaps, etc.
The analysis of the E. coli and B. subtilis genomes reveals a similar distribution of the membrane proteins over the four structural classes. On the other hand, preliminary analysis of the remaining part of the subset of membrane proteins shows that not all structural classes are represented on both genomes. For instance, members of the 2-hydroxycarboxylate transporter family [25] are found on the B. subtilis genome, but not on the E. coli genome. The complete classi¢cation of all membrane proteins of bacteria, archaea and eukaryotes will be helpful in understanding the evolutionary relationship between organisms.
